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The aim of the present study was to investigate the electrophysiological characteristics of the different layers of the olfactory bulb 
(OB). We used an in vitro OB slice coupled onto a microelectrode array (MEA) for simultaneous detection of spontaneous activi-
ties of OB neurons at different sites. Different frequency oscillations dominated the different layers of the OB slice, and the gam-
ma frequency oscillations mainly appeared in the glomerular layer. The waves consisted of negative, positive, and bidirectional 
spikes, and were distributed at the different layers of the OB slice. Thus, combination of the OB slice with MEA is a useful tech-
nique for identifying signal oscillations by multi-site synchronous measurement, and will allow further studies on olfactory in-
formation coding and processing function. 
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Fast oscillatory neuronal network activity is an important 
feature of information processing in multiple brain regions 
including sensory [1], motor [2], and perceptive [3] circuits. 
The olfactory bulb (OB) has also been reported to exhibit 
electrophysiological activity, including signal oscillations 
such as theta [4,5], alpha [6], beta [6], and gamma [7−10] 
band waves. Previous studies calculated power spectral 
densities to examine the frequency distribution of OB neu-
ron responses, as well as their role in the olfactory infor-
mation processing [7,9,10]. Fast gamma frequency oscilla-
tions are widely considered to be crucial for odor discrimi-
nation [9], while the theta rhythm is considered important 
for temporally reformatting the strengths and patterns of 
synaptic input in the olfactory system [4], and also indicates 
the rhythm of inhalation [5]. However, the different types of 
oscillations that exist in the OB and their localization to 
different OB layers are unknown.  
In the present study, we recorded spontaneous signals of 
the OB slice using a microelectrode array (MEA) for syn-
chronous multi-site measurement, and examined layer spe-
cific oscillation characteristics. 
1  Materials and methods 
1.1  Slice preparation  
Animal experiments were performed according to the guide-
lines of Zhejiang provincial management committee of med-
ical experiment animals. Wistar rats of either sex (approxi-
mately 3 weeks old) were anesthetized using 20% urethane 
(7 mL/kg) and then decapitated. Preparation of artificial cer-
ebrospinal fluid (ACSF) and tissue slices were performed as 
previously reported [11]. In brief, horizontal slices (300 m 
thick) were cut with a vibratome (Vibratome 1000 Plus;  
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Figure 1  (a) Fabrication of the OB slice-based biosensor. (b) Sketch map of testing system. EPL: external plexiform layer, GCL: granule cell layer, GL: 
glomerular layer, MCL: mitral cell layer, ONL: olfactory nerve layer. 
Vibratome Company, USA). For electrophysiological meas-
urements, slices were incubated in ACSF continuously bub-
bled with a mixture of 95% O2 and 5% CO2 at room tem-
perature for about 1 h. To accurately define the layers of the 
OB slice, Nissl staining was used to dye the slice after 
measurement.  
1.2  Signal sampling and processing 
To couple the OB slice onto the MEA, we created a biolog-      
ical-electrical sensing system that allowed bidirectional 
communication between the controlling circuit and the bio-
logical system (Figure 1(a)). Using this OB slice-based bio-
sensor, the electrophysiological activities of the OB can be 
synchronously detected at multiple sites. A schematic of the 
signal measuring system is shown in Figure 1(b), which was 
arranged in a shielding box to reduce power-line interfer-
ence. Data acquisition was performed via a multi-channel 
system (MEDl6; Multi Channel Systems MCS GmbH, Ger-
many), which allowed 16-channel synchronous real-time 
detection. During signal measurement, the sampling fre-
quency was set at 10 kHz. To investigate the oscillation 
characteristics of the recorded signals at different layers of 
the OB slice, signals were processed with band-pass filter-
ing in five bands: delta, 1−3 Hz; theta, 4−7 Hz; alpha, 8−13 
Hz; beta, 14−29 Hz; and gamma, 30−115 Hz.  
2  Results  
2.1  Olfactory bulb slice modality 
Neurons in the mammalian OB are arranged regularly, and 
form a layered-structure comprising the olfactory nerve layer 
(ONL), glomerular layer (GL), external plexiform layer 
(EPL), mitral cell layer (MCL), and granule cell layer 
(GCL). An example of an OB slice stained with Nissl 
showing the various layers is shown in Figure 2. The pres-
ence of these layers indicated that the OB slice is viable and 
can be used for electrophysiological recordings.  
2.2  Spontaneous signals 
Using our testing system (Figure 1(b)), multi-point data can 
be acquired simultaneously with the multi-channel amplifier. 
Neuronal spontaneous activities recorded from the ONL, 
GL, EPL, MCL, and GCL of the OB slice are shown in 
Figure 3(a). The spikes in the ONL and the GL were mainly 
negative. However, positive waves predominated in the 
MCL and GCL, while both the negative and positive spikes 
appeared in the EPL. The amplitude and frequency of the 
signals differed between the different layers of the OB. The 
maximal amplitude of the spontaneous responses was ap-
proximately 200 V. The spike polarity distribution recorded 
using this system was similar to that previously reported  
 
Figure 2  Photomicrograph of the OB slice stained with Nissl showing 
presence of multiple layers.  
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Figure 3  Raw data (a) and filtered signals (b)−(f) in bands of (b) 1−3 Hz, (c) 4−7 Hz, (d) 8−13 Hz, (e) 14−29 Hz, and (f) 30−115 Hz recorded from the 
ONL, GL, EPL, MCL and GCL, respectively, in the OB slice.  
using the patch clamp technique [12]. 
2.3  Filtered signals in different bands 
Raw data were processed by band-pass filtering to examine 
the differences in oscillating characteristics of the signals at 
the different layers of the OB slice. Each layer consistently 
produced a specific pattern of signals. The band-pass filter-
ing results from eight experiments (n=5 rats per group) in 
the five different frequency bands are shown in Figure 
3(b)−(f). Delta (1−3 Hz), theta (4−7 Hz), and alpha (8−13 
Hz) frequency waves appeared in nearly all layers of the OB 
slice, while gamma oscillation (30−115 Hz) mainly existed 
in the GL. In the ONL, the signal comprised nearly all fre-
quency waves, while in the EPL and MCL the waves in-
cluded the theta, alpha, and beta (14−29 Hz) frequency os-
cillations. In the GCL, the lower frequency (4−13 Hz) domi-
nated the oscillations.  
3  Discussion 
In the present study, we found that the five different layers 
of in vitro OB slices exhibited spontaneous neuronal activi-
ty with different characteristics, including the amplitude, 
frequency, and the spike polarity. These data suggest that 
use of the MEA allows synchronous measurement of neu-
ronal electrophysiology properties at different sites of the 
OB slice. A negative current is typically caused by cellular 
depolarization with ionic current influx [13]. Both negative 
and positive spikes are present in layered structures, which 
represent the active zone (sink) and the passive zone (source), 
respectively, of the current [13−15]. Thus, according to 
spike polarity (Figure 3), the ONL and GL are the current 
receivers, while the MCL and GCL are the current emitters; 
i.e., signals within the layered OB slice may propagate from 
the ONL and GL to the MCL and GCL through the EPL.  
Delta, theta, and alpha oscillation were present in all lay-
ers of the in vitro OB slice, suggesting that these waves are 
unlikely related to the specific physiological function of 
each layer. By contrast, the GL exhibited signals with high 
frequency oscillations, particularly the gamma oscillation. 
Thus, signals in the GL may be highly processed, which is 
considered important for odor discrimination [9].  
Overall, our data suggest that the combination of the OB 
slice with MEA is an effective bio-sensing system for de-
tection of neuronal extracellular potentials and identification 
of the signal oscillation characteristics of the in vitro OB 
slice. However, this system requires further characterization, 
as the extracellular conditions in vitro may not accurately 
represent that in vivo. Nevertheless, this model may be use-
ful for further elucidation of odor discrimination and olfac-
tory information encoding. Future studies are required to 
compare the responses observed in this system to those   
in vivo. 
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